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ABSTRACT 
Effect of seed source and irrigation regime on stem wood anatomy of 
Acacia senegal seedlings 
The aim of this study was to investigate the effect of seed source (isohyets 
and half-sib families) and irrigation intervals on the stem anatomy of Acacia 
senegal seedlings. 
Twelve seed sources representing the clay soil locations across the gum belt 
were selected according to differences in isohyets and discontinuity.  Seeds 
were collected from seven trees from each seed source.  Seeds were sown in 
clay soil under three irrigation regimes with intervals of 3, 6 and 12 days in 
three replicates.   
 
After six months wood samples were cut from randomly selected seedlings 
representing half-sib families, isohyets and irrigations.  Microscopic sections 
were prepared from the stems of each seedling and mounted on slides.  Both 
direct measurement and stereological count techniques were used to measure 
the vessel characteristics and volume fraction of different types of tissues.  
 
Significant variations were found between isohyets in tangential diameter 
and average vessel diameter of solitary vessels.  For cluster vessels, isohyets 
had significant effect on radial diameter, tangential diameter and average 
vessel diameter.  Significant differences were also found in radial multiple 
vessels in tangential diameter and average diameter.  Significant differences 
were found between isohyets in the misomorphic ratio of vessels.  There 
were also significant differences between isohyets in total number of solitary 
vessels/mm2 and average number of vessels in one radial multiple 
vessels/mm2.  This in addition to the significant differences between isohyets 
in double cell wall thickness of solitary vessels. 
The variation among families and their interaction with irrigation were not 
significant for any of the studied variables.  Irrigation intervals had a 
significant effect on radial diameter and average diameter of solitary vessels. 
Significant differences were also found between irrigation intervals on the 
number of radial multiple vessels / mm2.  There were significant differences 
between irrigation intervals in volume fraction of solitary vessels and fiber.  
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Chapter I 
Introduction 
 
Acacia senegal tree plays an important role in the economy of the Sudan.  
Sudan is the largest exporter of gum Arabic in the world, especially that 
produced from Acacia senegal (Awouda 1974). 
In Sudan, Acacia senegal trees have a wide distribution and remarkable 
adaptability to the existing environmental conditions. covering both clay and 
sandy areas (El Amin 1976).  In the stabilized sandy areas.  receiving an 
annual rainfall 250–450 mm on sandy soil and 500-800 mm on clay.  It can 
occur above 800 mm rainfall if the drainage is good (Badi et al. 1989).    
Vessel dimensions are sensitively related to ecology.  Mauseth (1988) 
reported that there is a relationship between the size and shape of vessels 
(which  are responsible for water conduction) with the water available in 
soil.  For example, Dickison and Stebbins (1978) reported that vessel 
elements length and diameter decrease from mesic to zeric habitats. 
Wood produced from trees of the same species is not often assumed to be 
identical in physical and structural characteristics.  This variation is partially 
due to the micro-environment (Panshin and De Zeeuw 1980).  Where there 
is definitely a heritable component, there is wide latitude for phenotypic 
modifiability also as can be demonstrated by a given genetic stock when 
grown in two or more different localities (Bissing 1976; Akahchuku and 
Burley 1979). 
The wide distribution of Acacia senegal in areas receiving different amounts 
of rainfall within the gum belt may lead to variation in the tree general 
behavior and stem structural characteristics.        
This study was conducted to investigate the effect of seed source 
(provenance) and irrigation regime on the stem wood anatomy of the Acacia 
Senegal seedlings.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter II 
Literature Review 
 
Hardwoods Stem Anatomy 
 
Hardwoods structure is more complex in comparison to softwoods.   
Hardwoods are composed of at least four major kinds of cells, namely, 
vessel elements, tracheids, fibers and parenchyma cells.  Each of these may 
constitute 15% or more of the volume of hardwood xylem (Haygreen & 
Bowyer 1985).  Mohammed (2001) mentioned that the hardwoods elements 
(vessel elements, tracheids, fiber and parenchyma) differ in their proportion 
and arrangement from one species to another and within the individual tree.  
These elements will be described in the following sections.                                          
 
Vessels 
Vessel elements are generally much shorter and larger in diameter than other 
types of longitudinal cells.  The short length of vessel elements is traceable 
to the fact that they often do not grow in length during the maturation 
process and may become even shorter than the cambial initials from which 
they were produced (Jane et. al 1970).  Vessels are composite tube-like 
structures of indeterminate length.  They are made up of individual cells 
called vessel elements which are fused together end to end with complete or 
partial disappearance of end walls.   
The appearance, based on orientation in which vessels are grouped as seen in 
transverse sections, has been used for the recognition of vessel types.  Radial 
multiples and sometimes vessels in chains are said to occur when vessels are 
in contact in radial series.  Radial multiples theoretically offer a way for the 
conductive system to form new vessels that can take over the function of 
earlier-formed vessels without alteration of the conductive pathway 
(Carlquist 1984a).  The term vessel clusters is applied to vessel groupings in 
which the vessels touching each other form a collection about as wide 
tangentially as radially (Carlquist 1988).  
The term aggregation is used for those groupings that are more extensive and 
often extend across rays as seen in wood transverse sections (Carlquist 
1987c). Diagonal aggregation (groupings often traversing rays) that are 
oriented in directions midway between radial and tangential are considered 
under the term ''arc-porous'' (Kukachka 1978).   Tangential aggregation is the 
tangential band of vessels that represents not a single category, but several 
phenomena.  In one of these, there are large non-grouped early wood vessels 
followed by tangential bands of smaller vessels (Carlquist 1987c). 
 
Fiber 
Fibers are generally long, tapered and usually thick-walled cells of hardwood 
xylem (Jane et al. 1970).  Hardwood fibers tend to be rounded in cross 
section as compared to the nearly rectangular shape of softwood tracheid 
(Haygreen and Bowyer 1989).  These narrow cells have pointed closed ends. 
Tow types of fibers are recognized, namely, libriform fibers and fiber 
tracheids.  Fiber tracheids are generally, relatively thick-walled fibrous cells 
with pointed ends and bordered pits.  Libriform fibers are elongated fibrous 
cells which differ from fiber tracheid in possessing simple pits (Core et al. 
1976). 
 
Parenchyma 
Parenchyma cells are thin-walled, storage units.  In hardwoods, longitudinal 
form of parenchyma is often divided into a number of smaller cells through 
the formation of cross walls during the process of cell maturation (Haygreen 
and Bowyer 1989).  Longitudinal parenchyma is relatively rare in the 
softwood species; usually not more than 1-2% of the volume of those woods 
in which it occurs (Panshin and de Zeeuw 1980).  The longitudinal form of 
parenchyma is often quite significant in hardwood.  Some hardwoods have 
up to 24% of their volume made of longitudinal parenchyma cells; however, 
certain species of hardwoods contain no longitudinal parenchyma (Panshin 
and de Zeeuw 1980).    
 
Rays 
Hardwood rays vary greatly in size and are composed entirely of 
parenchyma cells.  The ray parenchyma cells, however, vary considerably in 
size and shape.  When the ray cells are all of approximately the same size 
and shape, the rays are termed homocelluler rays.  The rays are said to be 
heterocelluler if they contain more than one type of ray-parenchyma cells 
(Nasroun 1987)     
 
Variability in Structural Characteristics of Wood   
The environment acting on a tree is complex and constantly changing and 
the response of the trees to the environment is equally complex and similarly 
changing.  Nevertheless by controlling the environment so that one factor 
predominates, the influence of this factor on the growth of the crown and 
consequently on the formation of wood can be elucidated (Gibson 1973) 
(Larson 1964).  Two major factors rule the common trends of variability in 
wood.  Those are genetics and environmental influences.  
Fielding and Brown (1960) defined the gross heritability to be the proportion 
of the total variance of characteristics which is due to hereditary differences 
among individuals.  The earliest most conclusive proof of genetic influence 
on cell length of hardwoods has been obtained from the discovery that 
natural papules triploids have superior fiber length to normal diploids of 
about 21-26 percent (Bowman 1958).                
Successful rising of forest plantations would largely depend upon the 
selection of appropriate tree species which can thrive well in degraded and 
harsh soil conditions with extremely low moisture supply.  Plants, by nature, 
possess remarkable adaptive mechanisms to avoid or tolerate drought stress 
(Levitt 1972). 
The studies on the effect of environmental factors on black spruce showed 
significant influence on the non-genotypic characters except fiber and lumen 
diameter (Khalil 1985).  For instance, the environmental conditions in 1954 
led to low summerwood percentage in Douglas-fir because of the favorable 
conditions for springwood formation (Kennedy 1961).  In terms of 
geographic and climatic factors fiber-wall thickness (radial section), had the 
greatest value in central Newfoundland, and lowest values in both northerly 
and southerly directions (Kalil 1985).         
 
Vessel Modification 
In nature, water is usually the most limiting factor for plant growth.  If plants 
do not receive adequate rainfall or irrigation, the resulting drought stress can 
reduce growth more than all other environmental stresses combined.  
Drought can be defined as the absence of rainfall or irrigation for a period of 
time sufficient to deplete soil moisture and injure plants.  Drought stress 
results when water loss from the plant exceeds the ability of the plant roots 
to absorb water and when the plants water content is reduced enough to 
interfere with normal plant processes (Gary 1988).  
Xylem adaptation to various growth conditions has been studied in different 
ways.  One of the approaches is the study of ecological variation within a 
single species to analyze the phenotypic responses of wood formation and 
differentiation to environmental factors (Baas 1986).  In a group such as 
Asteraceae (which have libriform fibers) the degree of vessel grouping rises 
markedly in relation to dryness of the habitat (Carlquist 1966).  Vessel 
dimensions are closely related to ecology.  While there is definitely a 
heritable component, there is wide latitude for phenotypic modifiability also 
as can be demonstrated by a given genetic stock grown in two or more 
different localities (Bissing 1976; Akahchuku and Burley 1979). 
For many genera and species, diameter and vessel element length decrease 
while vessel frequency increases with decreasing water availability 
(Chrlquist 1975, Baas and Schweingruber 1987, Van der walt et al. 1988, 
Zhang et al. 1988, Wilkins and Papassotiriou 1989, Februuary 1993).   As in 
the case of aerenchyma and flooding, there are inter-specific differences in 
vessel diameter that suggest its adaptive value: woody species from drier 
habitats have narrower vessels than species from more humid habitats 
(Chrlquist 1988 1989).  Thus, a xylem with narrow vessels is physiologically 
better protected against cavition (Rury and Dichinson 1984).   
 
Mesomorphic and Xeromorphic Characteristics  
Vulnerability ratio of wood is defined as the vessel diameter divided by 
number of vessels per square mm, while misomorphic ratios is defined as the 
vulnerability ratio of the wood multiplied by vessel-element length.  
Mesomorphic wood features include relatively wide (40 µm) and abundant 
earlywood vessels, relatively high rays (503 µm), wide rays (79 µm) and 
high mesomorphic ratio (55).  However, xeromorphic features include 
narrower (23 µm) and relatively scarce early wood vessels, short (197 µm) 
and narrow rays (46 µm) and low mesomorphic ratio (22) (Michener 1981). 
Gibson (1973) noted that vessel-element proportions are related to plant 
growth habit; longer and wider vessels are from species with taller plants.  
Some features are related to latitudinal and elevational distribution, rather 
than to sub-generic classification.  For vessel-elements, the longer elements 
are from tropical low land species (Baas 1973).  Vessel-element length and 
diameter decrease from mesic to zeric habitats (Dickison and Stebbins 1978).  
Species of Peneaceae from xeric habitats have vessel-elements narrow and 
shorter.  A floristic approach to wood trends revealed the same pattern, that 
the mean vessel-element diameter and length as well as mesomorphic value 
decrease in the same way as did the rainfall in five communities of Western 
Australia (Carlquist and Debuhr 1977).  Carlquist also provided a 
desert:dry:mesic array in his summarization of woods of Asteraceae.  Plants 
of desert species differed from dry-site species in having vessel-elements 
narrower and shorter, fiber shorter, but little difference in ray height.         
 
STEREOLOGY 
Stereology is the body of methods for the exploration of three-dimensional 
space, when only two-dimensional sections through solid bodies or their 
projections on a surface are available (Elias 1976).  Stereological methods 
were used to evaluate different structural characteristics and to avoid the 
disadvantage of the traditional methods of direct measurements which are 
time-consuming laborious and have the probability of increasing error 
(Nasroun and Elzaki 1987).  Stereological principles are used in metallurgy, 
mineralogy and geology for studying micro-structural properties that are 
related to physical and mechanical properties of materials (Nasroun 1978). 
Certain basic measurements are required repeatedly in all quantitative 
stereological works.  These basic operations are preformed on two-
dimensional sections or projections, and involve simple point counts, 
intersection counts and number of features (N).  (Nasroun 1979).  From these 
counts the flowing parameters were calculated PP, PL, and NA. 
1- PP (point counting) is one of the simplest operations of Stereology.  The 
term refers to the number of test points falling on a particular structure 
divided by total number of test points.  These test point could be the 
intersection of test lines making the test grid or end points of short test lines 
or random points on a grid (Ifju 1983).  The stereological equations that 
relate the average point fraction (PP), lineal (surface) fraction (PL), area 
fraction (AA) and volume fraction (VV) is given by: 
PP = AA = LL = VV       (1) 
Where PP is the average of several randomly applied point fractions, LL is the 
average of lineal fractions, AA is the fraction of the total area of a section 
which is occupied by the element and VV is the volume fraction which the 
volume occupied by structural feature per unit volume of the structure 
(Underwood 1970). 
2- PL  
PL is the number of intersections of test lines with boundaries of cells per 
unit length of test lines (Ifju 1983). 
The procedure involves superposition directed line segments upon the 
microscopic section images.  A count of the number of times that the line 
segment intersects the cell boundary divided by the total test line length will 
give the number of intersections per unit length.  A linear or circular test 
array is applied randomly or placed systematically over the entire 
microstructure until a sufficient number of intersections have been counted.  
The actual total grid length (L) depends on the magnification of the 
microstructure, but its value can be determined at standard magnification 
(Nasroun 1979). 
3- NA  
NA is the number of features per unit area of the microstructure; NA makes it 
possible to calculated the average area (A) of the cells using the following 
equation. 
A = AA / NA = PP / NA 
This the start for applying stereological equations for estimating the 
dimensions and proportions of anatomical features.  
 
The Tree Species: Acacia senegal 
Nomenclature 
 
Scientific name: Acacia senegal (L.) Willd. Var: senegal Brenan 
Family: Mimosaseae 
Synonyms: Mimosa senegal L. (Sahani 1968); Acacia verek Guill & Perr.  
Arabic names: Hashab, Hashab Alloba. 
English names: Gum Arabic; Three-Thorn acacia (Voget 1995).  
 
Description of the tree 
A. senegal is a deciduous shrub or tree up to 15 m high, and usually 
branched from the ground.  Branches fork repeatedly and in the mature trees 
commonly form a rounded, flat-topped crown.  Leaves are pinnate, 3-8 pairs 
of pinnate. Flowers are yellowish-white and fragrant, in cylindrical, axillary 
pedunculate spikes, 5-10 cm long.  The pods are straight, thin, flat, shortly 
stipulate and oblong (2.5–12 cm); green and pubescent when young, 
maturing to shiny bronze, often with dark patches and bearing prominent 
veins;  seeds are 3-6, smooth, flat, rather small, shiny and dark brown 
(Sahani 1968, El Amin 1973 and Voget 1995). 
The bark is grayish-white, although in old trees growing in the open it may 
be dark, scaly and thin, if scratched with a nail it shows the bright green 
cambium layer just below the surface (Agroforestree Data Base 1998).  
Twigs rounded, very slightly zigzag, lenticlate armed with triple purplish 
prickles, short, sharp and broad at the base; two lateral pointing upward or 
forward and one central pointing downward or backward (Thirokul 1984).  
 
Distribution and habitat 
 A. senegal is distributed in tropical Africa.  The species has a wide 
distribution and remarkable adaptability (El Amin 1973 and 1976).  It is a 
semi-arid zone species that is drought resistant and frost hardy (Troup 1932), 
typically associated with the Sahel Zone.  It occurs from the Red Sea to 
Senegal.  Different varieties are also found in East and North Africa (Voget 
1995).   
In Sudan, A. senegal is distributed from east to west between latitudes 10° N 
and 14° N forming what is called the gum belt (El Amin 1976; Awoda 
1979).  It covers principally Kordofan, Kassala, Blue Nile area and Darfur 
provinces (Giffard 1975).  Altitude: 100-700 mm; mean annual rainfall: 100-
800 mm; mean annual temperature 16-8 ºC. 
The tree is found in soils varying from coarse-textured, deep sandy soil to 
dry rocky soil slightly acidic to moderately alkaline (NAS 1979).  It also 
grows on dark cracking clays of Eastern Sudan 
 
Economic and environmental importance of Acacia senegal  
 
Acacia senegal is one of the 900 species of Acacia botanically identified in 
the world; 500 are known to grow naturally in the Sahelian region of Africa, 
and out of these only three species have been commercially exhibited and 
form the major source of gum Arabic (Agroforestree Data Base 1998).  These 
include A. senegal, A. seyal and A. laeta.  About 80% of all commercial gum 
Arabic is derived from A. senegal (Anderson 1977).  During the 1980's gum 
Arabic accounted for 10% of Sudan export (Bashai 1984).  The production 
and export of gum Arabic reached 13 722 metric tons in the year 1996 due to 
the drought and locust attack.  Production of year 1992 merely exceeded 
14000 metric tons. The year 1994/1995 witnessed one of the highest harvests 
for a number of years (FNC 2002).    
A. senegal is an important species for fuel-wood production.  Firewood 
yields from this species amount to 120-190 cubic meters per hectare.  
Sometimes it is the only wood species to survive in dry areas.  The young 
flexible surface roots yield strong fiber used for cordage, ropes and fishing 
nets.  Leaves and pods are palatable for sheep, goats and camels.  The crude 
protein values are 20% in leaves, 22% in green pods and 20% for dry pods 
(Agroforestree Data Base 1998). 
Roots are used to treat dysentery and some other infections and parasitic 
diseases.  It is also used to treat diseases of the digestive system, respiratory 
system, blood and blood-forming organs, nervous system, sense organs and 
mental disorders (Von Maydell 1986). 
Acacia senegal has been used for desertification control, reestablishing of 
vegetative cover in degraded areas, sand dune fixation and wind control.  
Acacia senegal improves soil fertility by nitrogen fixation and by nutrient 
cycling after leave fall, it is a highly suitable tree for agroforestry as inter-
cropping system (Habish 1970; Anderson 1984). 
 
Anatomical Description of Acacia senegal 
Growth rings are distinctly present. Vessels solitary, in radial multiples of 2-
3 or more, clusters abundantly occur (Osman 2000; Ghosh and Purkayastha 
1962).  Vessels with simple perforations, oval or circular in transverse 
section.  Mean vessel diameter is 0.015 mm.  Volume fraction of vessel-
lumen is 11.2% and that of vessel-wall is 3.2%.  Inter-vessel pits polygonal, 
oval to liner; alternate, occasionally partially reticulate (Osman 2000). 
Fibers (ground tissue) are predominantly non-septate libriform fibers.  Mean 
fiber diameter is 0.018 mm; volume fraction of fiber is 37%, volume fraction 
of fiber-lumen is 14.3% volume fraction of fiber-wall is 22.7% (Osman 
2000).  Axial parenchyma is paratracheal, predominantly banded, vasicentric 
and confluent; marginal parenchyma is present (Osman 2000; Ghosh and 
Purkayastha 1962).  Volume fraction of parenchyma is 27%. 
Rays are dominantly homogeneous non-storied.  Volume fraction of rays is 
21.5%.  Rhomboidal crystals abundantly occur in rays and also in libriform 
fibers and axial parenchyma (Osman 2000).  The rays are homogeneous and 
consist of large parenchyma cells which are mostly filled with starch grains 
(Ghosh and Purkayastha 1962). 
Chapter III 
Materials and Methods 
Seed Sources and Collection 
 
Twelve geographical locations throughout the clay part of gum belt were 
identified as seed sources according to the geographical discontinuity and 
difference in isohyets.  They were chosen to representing three isohyets The 
isohyets were ≥700, 600 -<700 and <600 mm/annum (Appendix Table 1).  Seven 
mother trees were selected from each location.  Seeds were collected by hand and 
put separately in paper bags.   General description of the locations is given in the 
following sections.  The locations include the following:   
Abu Gumi, kor donia, Bout, Abu Jebeha, Gulhak, Mazmoum, Karkoj, Houri , 
Hawata, Qala en Nahl, Abu Dolue  and Rawashda.  
 
 
Isohyets 1:  ≥700 mm/annum 
 
Abu gumai Forest 
Abu Gumai Forest is located south of Eldamazin town in the Blue Nile State.  
The soil is dark cracking clay.  The Forest is dominated by many tree species 
in addition to Acacia senegal, A. seyal, A. mellifera and Combertum 
hartimanianum. 
 
Khor Donia Forest 
Khor Donia Forest is a central forest reserve near Eldamazine district in the 
Blue Nile State central region (latitude 11º 00', longitude 34º 05').  The forest 
extends between Khor Donia railway station to the north, Jebel Gargida to 
the south, Damazine airport to the east and Agael village to the west.  The 
average annual rainfall is 713 mm, 85% of which falls is beteen June to 
September.  The dry season extends from November to April. 
 
Bout Forest 
Bout Forest is about 180 kilometres southwest of Damazine in the Blue Nile 
State, a major mechanized farming area in Sudan.  Acacia senegal is mixed 
with two dominant species, Acacia seyal and Balanites aegyptica, in Acacia- 
Balanites aegyptica savannah woodland.  
 
Isohytes 2: 600 - <700 mm/annum  
Abu Jibeha Forest 
Abu Jibeha Forest is in Rashad Province of South Kordfan State.  The soil is 
dark cracking clay in the central to eastern Acacia seyal-Banalits woodland. 
Acacia senegal trees occur in groups but mixed with species like Acacia 
seyal and Banalites aegyptiaca.  
 
Gulhak Forest 
Gulahak forest is located near Runk Town in the upper Nile State about 60 
kilometres southwest of Runk.  The natural vegetation associated with Acaia 
senegal includes Acaia seyal, Balanites aegyptica, Terminalia brownii and 
Sclerocarya birrea. 
 
Mazmoum Forest 
This Forest is placed 150 Kilometers northwest of Damazin town in the Blue 
Nile State.  The more abundant tree species, in addition to Acacia senegal 
are Acacia mellifera, A. seyal, Balanites aegyptica and Zisphus spina-chriti. 
 
 
Karkoj Forest 
This Forest lies about 30 kilometers south to Singa town in Sinnar State.  
The soil is dark cracking clay.  The Forest area is occupied by Acacia seyal, 
Acacia senegal, Balanites aegyptica, Acacia nubica and Acacia mellifera. 
 
Houri Forest 
Houri Forest lies about 25 kilometers south to Gadaref town in Gadaref 
State.  It is characterized by dark cracking clay soil.  It is occupied by many 
species like Acacia mellifera, Acacia leata, Acacia ehrebergiana, Boscia 
senegalensis and Acacia seyal. 
 
Isohytes 3: < 600 mm/year 
 
Hawata Forest 
Hawata Forest is located southeast of El Gedaref State.  It extends over open 
fields in the north parts ending into an area of well wooded farmland in the 
southern part, with widely dispersed Acacia senegal trees, left by farmers for 
gum production in a general matrix of A. mellifera, A. senegal and A. seyal 
forest. 
 
Qala en Nahal Forest 
This Forest is located northwest of Hawata on the way to Qala en Nahal. The 
forest is surrounding Qala en Nahal with its scanty vegetation of degraded 
mixtures of hardwoods, dispersed Balanites tree and incidental clumps of 
Kiter-Hashab-Talh.  With the exception of the terrain around Qala en Nahal 
and the hills surrounding it, the soil is throughout dark-cracking clay. 
 
 
 
Abu Dolau Forest 
It is located about 12 kilometers east to El Gabalain in the White Nile State.  
The soil is clay mixed with gravel.  It is dominated by Acacia mellifera, A. 
seyal, A. senegal, Balanites aegyptica, A. nubica, A. ehrebergiana and 
Boscia senegalensis. 
 
El Rawashda Forest 
El Rawashda Forest is twenty five miles north-east of Eastern State Gadarif 
(latitude 35º  50¯, longitude 14º  10¯), It is characterized by a mean annual 
rainfall of 550 mm. Soil is dark cracking clay; natural vegetation is mainly 
Acacia senegal, A. mellifera and A. nilotca with scattered Banalities 
egyptiaca. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nursery Procedure  
 
Three seeds were randomly selected to represent each of the seven mother trees 
(half-sib families) from each of the twelve locations.  These were raised at the 
nursery of the Foret Research Centre (Soba).  Seeds were sown in polythene bags 
filled with clay soil.  After an establishment period of six months, the seedlings 
were subjected to three irrigation regimes, with irrigation intervals of 3, 6 or 12 
days.  The experiment was arranged in a split plot design with three replicates 
(blocks) and the three irrigation intervals formed the main plots. 
Due to mortality, seven families were included in this study.  One seedling was 
randomly selected to represent each family and one sample (3-5 cm long) was 
randomly selected from each family (figure 1) and was preserved in formaldehyde 
solution to keep it in a green condition. 
Then three cross-sectional slides (figure 4) were prepared from each seedling 
stem. 
 
Slide Preparation   
Softening Franklin's (1946) method 
Samles dry stem wood were softened using a mixture of equal parts of 
glacial acetic acid and hydrogen peroxide.  The flask which contained this 
mixture, was fitted with reflex condenser, attached to running water.  Then 
the stem wood was allowed to simmer for about 15-20 minutes in the 
solution according to the dry level.  The idea in using the reflex condenser 
was to prevent the evaporation of the mixture which might severely irritate 
the respiratory tissues, as well as for saving the softening solution (Figure 2).  
The softened stem wood was picked out of the flask and washed several 
times under running water before sectioning.        
 
 
Sectioning of Wood 
Cross-sections 10µm in thickness were prepared using a sliding microtome 
(figure 3).  Three cross-sections were prepared from each specimen for 
microscopic examination. 
Three cross-sections of each family were used to prepare a microscopic 
slide. The microtome sections, (10 - 20µm) thick were prepared using a 
hardwood tissue knife with the knife angle of 15º the prepared sections were 
blocked on a glass slide and dehydrated using various ethanol concentrations 
(25%, 50% and absolute, respectively) and were ready for staining. 
 
Staining 
The sections were stained on the slide using safranine.  Every slide contained 
three similar sections, the sections were covered by anther slide for 24hours 
to prevent curling and were then moved and placed in a petri-dish to wash 
them in several changes of ethyl alcohol (25%, 50% and absolute, 
respectively).  The sections were then transferred into a Petri-dish, half filled 
with Xylene for cleaning and fixing the dye and making it bright coulored 
and were ready for mounting. 
 
Washing, filtering and mounting             
The idea of using three concentrations of alcohol was to allow the sections to 
be dehydrated gradually and also to wash the excess amount of the stain. 
Xylene was used for cleaning and making it bright coloured. Minimum 
quantity of Canada balsam was spread on the sections in the middle area of 
glass-slide and covered with cover-slip, measuring (3.7 x 2.2cm).  The 
cover-slip was pressed gently with three fingers to rest upon the sections. 
The pressing achievement had to be done towards the cover-slip marginal in 
order to push the bubbles which were expected to be trapped under neath the 
cover.  The slide were allowed to dry, and then were ready for microscopic 
examination and stereological count. 
 
 
 
 
 
 
 
   
 
 
Figure 1.  Sample preparation 
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Figure 3.  Microtome 
 
 
 
 
 
 
                               
 
Figure 4.  Microscope slide 
 
 
 
 
 
 
 
 
 
 
 
Maceration of wood samples for microscopic examination 
The maceration process is the second phase to the fulfill ment of the 
requirement of this study.  Many treatments were applied to prepare the 
specimens using this technique, following a systematic array as follows. 
Mach size slivers measuring one cm in length were chipped from stem.  The 
maceration method that was adopted in this study. Was with nitric acid of 
50% concentration.  The specimens were put in a test-tube to which (3 – 
5ml) of nitric acid was added and the tube was heated gently in a water bath 
for about (5 – 10 minutes).  The maceration process was stopped as soon as 
the sliver exhibited a white ragged appearance, by filling the tube with cold 
water (figure 5).  
 
Washing and filtering             
      The macerated material was washed in several changes of distilled water, in 
order to remove any expected traces of nitric acid.  Then the material was 
soaked in clean water for about (10 minutes).  Then the excess of water was 
removed gently keeping the specimens to be filtered and to be ready for 
staining. 
 
Staining and mounting 
In a minimum quantity of water the macerated material was stained in 
Safranine with some preparation of the dye that was used for staining in the 
sections, except that no dehydration was required in the case of maceration.   
The idea of avoiding dehydration is that, during the dehydration of 
macerated material, alcohol allows the light isolated element of the 
macerated material to hang on the surface while removing the excess water 
among the during process at this stage.   
Few drops of dye were applied to macerated material in a petri dish, the stain 
took about (10minutes) to be fixed in the lignified cell walls.  A small part of 
the stained material was transferred to the slide surface using the needle and 
washed by 2-3 change of water drops upon the slide until the excess dye was 
completely removed. Before removing the last remains of the washing water 
the slide was gently agitated in order to distribute the macerated material 
homogeneously at the center of the slide surface.  The excess water with 
excess material was then removing away leaving the preparation for a few 
minutes to be air dried. 
One drop of Canada balsam was placed upon the macerated material at the 
middle of the slide surface and covered with a cover-slip in order to spread 
the adhesive underneath the cover-slip.  The slides were dried by the same 
procedure that was applied in section preparation.            
 
 
 
 
 
 
 
 
  
                          
                              Figure 5. Maceration procedure 
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Microscopic Examination       
 
The microscopic examination was carried out using both direct measurement 
and stereological count technique.  The direct measurement was applied to 
determine vessel element length using the macerated slides under 10 x 10 
magnifications. 
The other stereological count techniques were used to measure the following:  
- Vessel diameter.  
- Vessel shape factor. 
- Vessel volume fraction.  
-Vessel Double cell wall thickness.  
- Vessel mesomorphy ratio. 
- Number of vessel per / mm2. 
- Volume fraction of different type of tissues. 
Stereological Count Techniques 
Stereological count was conducted following the procedure of (Ifju 1983).  
A twenty five-point 5x5 cm grid was drawn on a piece of paper (Figure 7).   It 
was photocopied on a transparent paper.  The grid was fixed on a projecting 
microscope monitor (figure 6).  Then the glass slides were fixed on the 
projecting microscope and the cross sections were projected through the 
monitor using the object piece (10x) to obtain point counting (PP), the number 
of points of intersection with boundaries generated per unit length of test lines 
(PL) and the number of objects or feature in a contain area of microstructure 
(NA) for vessels, for each mother, 2268 slides were used and  two fields from 
each slide were examined. 
A glass scale was projected through the monitor and then the calibration  was 
made to find the exact magnification of the projected images.  The data were 
entered in the computer and calculations were made using the following 
equations: 
Volume fraction for vessel, fiber, parenchyma and rays were determine as 
following: 
CF = PPL + PPW ……………………………………… 
Cell-wall fraction = vessel cell wall fraction + fiber cell wall fraction + 
parenchyma cell wall fraction  
Where: 
CF = Volume fraction of vessel, fiber or parenchyma.  
PPL = Volume fraction of vessel, fiber or parenchyma lumen. 
PPW = Volume fraction of vessel, fiber or parenchyma cell-wall. 
Tangetial cell diameter of various vessel elements (solitary, cluster and 
multiples) calculated from the following equation: 
 
 
 
                                 PL
 (H) 
Vessel diameter =  ــــــــــــــــ …………………………… 
                                 2NA 
 
 
PL(H) = The number of intersection points of the five horizontal lines of test 
grid with boundaries of vessels (solitary, cluster and multiples) lumen area. 
NA = The total number of objects vessels (solitary, cluster and multiples) 
which  exist in the total area of the grid. 
 
                                         4pP (lumen) 
Vessel lumen diameter = ــــــــــــــــــــــــــــ  …………..…. 
                                                  תּNA  
 
Double cell wall thickness = vessel cell diameter – vessel cell lumen diameter. 
DCWT = DV - DL …………………………………… 
Where: 
DCWT = Double cell wall thickness 
DV = vessel cell diameter 
DL = vessel cell lumen diameter. 
Misomorphy = vessel diameter divided by number of vessels per square mm 
multiplied by vessel element length. 
             DV 
MSO = ـــــــــــ x VL ………………………….. 
            NA 
Where: 
MSO = mesomorphic ratio 
DV = vessel diameter 
VL = vessel element length 
NA = number of vessels per square mm  
 
Data Analysis 
 Analysis of variance (ANOVA) was carried out to determine the 
significance of the variation between isohyetes, families and irrigation 
regime in vessel characteristics (vessel diameter characteristics , number of 
vessels, volume fractions of different types of tissues, vessel double cell wall 
thickness, vessels shape factor, vessel length and mesomorphic ratio).  
 
 
 
 
 
 
 
 
 
 
 
   
 
                       
                                 Figure 6.  Projecting microscope 
 
 
 
 
 
       
                          
 
                        Figure 7. Stereological counting 
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Chapter IV 
Results and Discussion 
 
Variation between Isohyets 
 
Vessel diameter 
 
Results of the analysis of variance for the diameter characteristics of the 
solitary, cluster and multiple vessels are given in Appendix Tables 2, 3 and 
4.  There were significant differences between isohyets in tangential 
diameter (P=0.0008) and average vessel diameter (P=0.007) of solitary 
vessels.  For cluster vessels, isohyets had significant effect on radial diameter 
(P=0.02), tangential diameter (P=0.02) and average vessel diameter 
(P=0.01).  Significant differences were also found in radial multiple vessels 
in the case of tangential diameter (P=0.006) and average diameter (P=0.03).  
No significant differences were found between isohyets in vertical vessel 
diameter and average lumen diameter of solitary vessels, average lumen 
diameter of cluster vessels, vessel radial diameter and average lumen 
diameter of multiple vessels.   
The means and results of the Duncan’s Multiple Range Test for the 
difference between isohyets and diameter characteristics of the solitary, 
cluster and multiple vessels are given in Tables 1, 2 and 3 respectively.  In 
the following section Z1, Z2 and Z3 used to refer to isohyets >700 
mm/annum, 600 -< 700 mm/annum and < 600 mm/annum respectively. 
There were no significant differences in average solitary vessels diameter 
between isohyets Z1 and Z2, but there were significant differences between 
isohyets Z1 and Z3 and between isohyets Z2 and Z3.  The above results 
indicate that smaller vessel diameters were found in the seedlings originating 
from the source with lower rainfall (<600 mm/annum) compared to the 
sources with higher rainfall (>600 mm/annum).  There were no significant 
differences between the three isohyets in radial diameter and lumen 
diameter.       
Variation in cluster vessels diameter between Isohyets are given in Table 2.  
Significant differences were found in radial diameter of cluster vessels 
between isohyets Z1 and Z3.  However, there were no significant differences 
between isohyets Z1 and Z2 or between isohyets Z2 and Z3.  These results are 
similar to the results of solitary vessels.  There were no significant 
differences between isohyets Z1, Z2 and Z3 in average cluster vessels lumen 
diameter. 
Means of the radial diameter, tangential diameter, average diameter and 
average lumen diameter of radial multiple vessels for the three isohyets are 
presented in Table 3.  The results show that significant differences were 
found in tangential diameter of multiple vessels between isohyets Z1 (>700 
mm / annum) and Z2 (600 - <700 mm / annum) and between isohyets Z 1 and 
Z3 (<600 mm / annum); the isohyets with rainfall >700 mm/annum had the 
largest vessel tangential diameter. 
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Table 1.  Means of radial diameter, tangential diameter, average diameter and average lumen diameter (mm) of 
solitary vessels of Acacia senegal seedlings in three isohyets 1   
Isohyets 
mm/annum 
Radial diameter Tangential diameter Average diameter Average lumen 
diameter 
> 700 (Z1) 0.033216       a 0.035924          a 0.036018         a 
 
0.034570         a 
 
600 - < 700 (Z2) 0.034269       a 0.035232          a 0.035191         a 
 
0.034751         a 
 
< 600 (Z3) 0.032426       a 0.031137          b 0.031565         b 0.031781         a 
1
 In same column, means with the same letter are not significantly different at P = 0.05 
 
 
Table 2.  Means of radial diameter, tangential diameter, average diameter and average lumen diameter (mm) of 
cluster vessels of Acacia senegal seedlings in three isohyets 1     
Isohyets 
(mm/annum) 
Radial diameter Tangential diameter Average diameter Average lumen 
diameter 
> 700 (Z1) 0.09237         a 0.092871           a 0.092622         a 0.030764         a 
 
600 - < 700 (Z2) 0.085462        ab 0.089594         ab 0.087528        ab 0.028165         a 
 
< 600 (Z3) 0.071391         b 0.072459          b 0.071925          b 0.033831         a 
 
1
 In same column, means with the same letter are not significantly different at P = 0.05.  
 
 
There were significant differences in average multiple vessels diameter 
between isohyets Z1 and Z3, but both isohyets were not significantly different 
from isohyets Z2. Also, there were significant differences in tangential 
diameter between isohyets Z1 and Z2 and between isohyets Z1 and Z3 
However, there was no significant difference between isohyets Z2 and Z3.  
There were no significant differences in vertical vessel diameter and average 
lumen diameter of multiple vessels between the three isohyets.  The above 
results indicate that vessels diameters, regardless of the vessel type (solitary, 
cluster and radial multiple) increase with increasing rainfall of the origin 
(source) of the seed.  These results confirm the results obtained by Charlquist 
(1988, 1989) that woody species from drier habitats have narrower vessels 
than species from more humid habitats. These results indicate that there are 
intera-specific differences in A. senegal vessel diameter, which is a sign of 
its adaptive value.  
 
Vessels length and mesomorphic ratio 
Results of the analysis of variance for the length and misomorphic ratio of 
the vessels (regardless of the type of arrangement) are given in Appendix 
Tables 5.  There were significant differences between isohyets in the 
misomorphic ratio of vessels (P=0.006).  There were no significant 
differences between the three isohyets in vessel length. 
Isohyets means and results of Duncan’s Multiple Range Test for the length 
and misomorphic ratio of the vessels are given in Table 4. There were 
significant differences in misomorphic ratio between isohyets Z1 and Z2 and 
between isohyets Z1 and Z3.  However, there were no significant differences 
between isohyets Z2 and Z3.  These results confirm the findings obtained by 
Carlquist & Debuhr (1977) that the mean vessel diameter and mesomorphic 
value decrease in the same way as did the rainfall in five communities of 
western Australia.  However, the differences between isohyets in vessel 
element length are not in line with their results of Carlquist & Debuhr 
(1977). 
 
Number of vessels / mm2  
 
Results of the analysis of variance for the number of vessels/mm2 in different 
types of vessel arrangement are given in Appendix Table 6. There were 
significant differences between isohyets in total number of solitary 
vessels/mm2 (P=0.0001) and average number of vessels in one radial 
multiple vessels/mm2 (P=0.004).  No significant differences were found 
between isohyets in the number of clusters/mm2, number of radial multiples / 
mm
2
, average number of vessels in one cluster/mm2, total number of vessels 
in all clusters/mm2 and total number of vessels in all radial multiples 
vessels/mm2.   Isohyets means and results of the Duncan's Multiple Range 
Test for the number of vessels/mm2 in different types of vessel arrangement 
are given in Table 5.  Significant differences were found in total number of 
solitary vessels/mm2 between isohyets Z1 and Z3 and between isohyets Z2 
and Z3; however, there was no significant difference between isohyets Z1 and 
Z2.  Similar results were obtained for the average number of vessels/mm2 in 
one radial multiple. 
There were no significant differences between the three isohyets in the 
number of clusters/mm2, number of radial multiples/mm2, average number of 
vessels in one cluster/mm2, total number of vessels in all clusters/mm2 and 
total number of vessels in all radial multiple/mm2.  These results confirm the 
results obtained by Chrlquist (1975), Baas and Schweingruber (1987), Van 
der walt et al (1988), Zhang et al (1988), Wilkins and Papassotiriou (1989) 
and Februuary (1993) that, for many genera and species, vessel element 
diameter and length decrease while vessel frequency increases with 
decreasing water availability.  
Tissues volume fraction 
Results of the analysis of variance for the volume fraction of different types 
of tissues are given in Appendix Table 7 and the means and results of the 
Duncan's Multiple Range Test are given in Table 6.  There were no 
significant differences between isohyets in volume fraction of solitary 
vessels, cluster vessels, radial multiple vessels, fibers, parenchyma and ray 
cells. 
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Table 3.  Means of radial diameter, tangential diameter, average diameter and average lumen diameter (mm) of 
multiple vessels of Acacia senegal seedlings in three isohyets 1   
 
Isohyets 
(mm/annum) 
Radial diameter Tangential  
diameter 
Average diameter Average lumen 
diameter 
> 700 (Z1) 0.0144947       a 0.016716         a 0.09684         a 
 
0.015933         a 
600 - < 700 (Z2) 0.0137981       a    0.012872         b 0.09702         a 
 
0.013309        ab 
< 600 (Z3) 0.0131531       a 0.011805         b 0.080498        a 
 
0.012214         b 
1
 In same column, means with the same letter are not significantly different at P = 0.05.  
 
 
Table 4.  Means of vessels length (mm) and misomorphic ratio of Acacia senegal seedlings in three isohyets 1   
 
Isohyets (mm/annum) Vessels length Misomorphic ratio 
> 700 (Z1) 0.08      a 52.92         a 
600 - < 700 (Z2) 0.08      a 41.47         b 
< 600 (Z3) 0.08      a 44.89         b 
1In same column, means with the same letter are not significantly different at P = 0.05.  
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Table 5.  Means of number of vessels / mm2 of the various types of vessel arrangement of Acacia senegal seedlings in 
three isohyets 1   
Isohyets 
(mm/annum) 
Total number 
of solitary 
vessels /mm2 
Number of 
clusters / 
mm
2
 
Number of 
multiples / 
mm
2
 
Number of 
vessels in 
one cluster 
Number of 
vessels in 
one multiple 
Total number 
of vessels in 
all cluster 
Total number 
of vessels in 
all multiples 
> 700 (Z1) 11.99   b 3.58   a 0.87   a 1.76   a 0.46   b 8.78    a 1.16   a 
600 - < 700 (Z2) 11.55   b 3.47   a 0.77   a 1.73   a 046    b 8.77    a 1.02   a 
< 600 (Z3) 14.28   a 3.77   a 0.99   a 1.81   a 0.71    a 11.07   a 2.17   a 
1
 In same column, means with the same letter are not significantly different at P = 0.05.  
 
 
Table 6.  Means of volume fraction of different types of tissues of Acacia senegal seedlings in three isohyets 1   
 
Isohyets 
(mm/annum) 
Volume 
fraction of 
solitary 
vessel 
Volume 
fraction of 
cluster 
vessel 
Volume 
fraction of 
multiples 
vessel 
Volume 
fraction of all 
vessels 
Volume 
fraction of 
fibers 
Volume 
fraction of 
parenchyma 
cells 
Volume 
fraction of 
ray cells 
> 700 (Z1) 5.09   a 1.76    a 3.93       a 10.79    a 37.24      a 21.71     a 30.30     a 
600 - < 700 (Z2) 4.70   a 1.72    a 4.02       a 10.44    a 37.38      a 21.58    a 30.57     a 
< 600 (Z3) 4.88   a 1.99    a 3.79       a 10.65    a 37.64      a 20.75     a 30.99     a 
1
 In same column, means with the same letter are not significantly different at P = 0.05.  
Vessels double cell wall thickness 
 
Results of the analysis of variance for the double cell wall thickness in 
different types of vessels arrangement are given in Appendix Table 8.  There 
were significant differences between isohyets in double cell wall thickness of 
solitary vessels; however, there were no significant differences between 
isohyets in double cell wall thickness of cluster and radial multiple vessels. 
The means and results of the Duncan's Multiple Range Test for the 
difference between isohyets and double cell wall thickness in different types 
of vessels arrangement are given in Table 7.  Significant differences were 
found in solitary vessels between isohyets Z1 and Z3; however, there were no 
significant differences between isohyets Z1 and Z2 or between isohyets Z2 
and Z3.  
 
Vessel shape factor 
 
Results of the analysis of variance for the shape factor (radial/tangetial vessel 
diameter) in different types of vessels arrangement are given in Appendix 
Table 9. The means and results of the Duncan's Multiple Range Test are 
given in Table 8.   There were no significant differences between isohyets in 
solitary vessels, cluster vessels and radial multiple vessels. 
 
In general volume fraction of vessels, fibers, parenchyma and rays were 
(10.44-10.77 %, 37.24-37.64 %, 21.58-21-75 % and 30.04-31.31 %) 
respectively, means of vessel diameter is (0.031-0.096 mm)   while Osman 
(2000) found that volume fraction of these tissues were higher than our study 
which were (14.4 %, 37 %, 27 % and 21.5 %). means of vessel diameter is 
(0.15 mm).  However, means of vessel diameters were also higher.  The 
differences in these values may be due to the fact that the ages of trees used 
in the two studies were different, Osman (2000) used mature trees while in 
this experiment six months seedlings were used……… 
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Table 7.   Means of vessel double cell wall thickness (mm) for the various types of vessel arrangement of Acacia 
senegal seedlings in three isohyets 1   
 
Isohyets 
(mm/annum) 
Solitary vessel 
double cell wall 
thickness 
Cluster vessel 
double cell wall 
thickness 
Multiples vessel 
double cell wall 
thickness 
> 700 (Z1) 0.0021353         a 
 
0.0052665      a 0.006742          a 
600 - < 700 (Z2) 0.0019118         ab 
 
0.0065338      a 0.006742          a 
< 600 (Z3) 0.0017846         b 
 
0.0064669      a 0.006744           a 
1
 In same column, means with the same letter are not significantly different at P = 0.05.  
 
 
Table 8.  Means of vessel shape factor for the various types of vessel arrangement of Acacia senegal seedlings in three 
isohyets 1   
 
Isohyets 
(mm/annum) 
Solitary vessel         
shape factor 
Cluster vessel 
shape factor 
Multiples vessel 
shape factor 
> 700 (Z1) 1.03          a 1.10         a 1.06           a 
600 - < 700 (Z2) 1.14          a 1.13         a 1.13           a 
< 600 (Z3) 1.12           a 1.10         a 1.23           a 
1
 In same column, means with the same letter are not significantly different at P = 0.05.  
EFFECT OF IRRIGATION REGIMES, FAMILIES AND FAMILIES / IRRIGATION 
INTERACTION 
 
Families and Families / Irrigation INTERACTION 
 
Results of the analysis of variance for the vessels characteristics, 
misomorphic ratio and volume fraction of different types of tissues are given 
in Appendix Tables 10-17.  There was no significant variation among 
families.  Also, the interaction of families * irrigation was not significant for 
any of the studied variables.  This results indicate that the differences 
between the levels of each of the two factors did not vary with the levels of 
the other factor.    
 
Irrigation 
Vessel diameter 
 
Results of the analysis of variance for the diameter characteristics of the 
solitary, cluster and multiple vessels are given in Appendix Tables 10, 11 
and 12.  Irrigation had a significant effect on radial diameter (P=0.01) and 
average diameter (P=0.03) of solitary vessels.  In cluster vessels irrigation 
had a significant effect on average lumen diameter (P=0.04).  There were no 
significant differences between irrigations in solitary vessel tangential 
diameter and average lumen diameter.  Also, there were no significant 
differences between irrigations in radial, tangetial, average vessel diameter 
and average lumen diameter of cluster and radial multiple vessels. 
The means and results of Duncan’s Multiple Range Test for the difference 
between irrigations in diameter characteristics of the solitary, cluster and 
multiple vessels are given in Tables 9, 10 and 11, respectively.  In the 
following sections I1, I2 and I3 are used to refer to irrigation after 3, 6 and 12 
days, respectively. There were significant differences in average solitary 
vessels diameter between irrigations I1 and I3 or between irrigations I2 and I3, 
but there was no significant difference between irrigation I1 and I2.  There 
were no significant differences between three irrigations in radial diameter, 
tangential diameter and lumen diameter of solitary vessels.    
Means of irrigation intervals for diameter characteristics of cluster vessels 
are given in Table 10.  The results show that significant difference was found 
in cluster vessels lumen diameter between irrigation I1 and I3 however, there 
were no significant differences between irrigations I1 and I2 or between 
irrigations I2 and I3.  There were no significant differences between the three 
irrigations in radial diameter, tangential diameter and average diameter. The 
above results indicate that vessel diameters decreased with decreasing 
irrigation intervals. These results are in agreement with the findings of Rury 
and Dichison (1984) and Charlquist et al. (1975).  
Means of irrigation intervals for diameter characteristics of radial-multiple 
vessels are given in Table 11.  Irrigation intervals had no significant effect 
on diameter characteristics of multiple vessels. 
 
Vessel Length and Mesomorphic ratio 
Irrigation intervals had no significant effect on vessel length and 
mesomorphic ratio (Appendix Table 13). The means are given in Table 12. 
 
 44 
Table 9.  Means of radial diameter, tangential diameter average diameter and average lumen diameter (mm) of 
solitary vessels of Acacia senegal seedlings in three irrigation intervals 1     
Irrigation intervals 
In days 
Radial diameter Tangential diameter Average diameter Average lumen 
diameter 
3  (I1) 0.0344804      a 0.034485          a 0.037723        a 0.034482         a 
6  (I2) 0.0344802      a 0.032935          a 0.036044        a 0.034482         a 
 
12 (I3) 0.0317552      a 0.035767          a 0.032345        b 0.029701         a 
 
1In same column, means with the same letter are not significantly different at P = 0.05. 
 
 
Table 10.  Means of radial diameter, tangential diameter, average diameter and average lumen diameter (mm) of 
cluster vessels of Acacia senegal seedlings in three irrigation intervals 1      
Irrigation Intervals 
(days) 
Radial diameter Tangential diameter Average diameter Average lumen 
diameter 
3  (I1) 0.08159       a 0.086234          a 0.083911        a 0.036002        a 
 
6  (I2) 0.07903       a 0. 077001         a 0.078017        a 0.033920       ab 
  
12 (I3) 0.08054       a 0.083102          a 0.081820        a 0.020741        b  
 
1In same column, means with the same letter are not significantly different at P = 0.05.  
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Table 11.  Means of radial diameter, tangential diameter, average diameter and average lumen diameter of multiple 
vessels of Acacia senegal seedlings in three irrigation intervals 1 
Irrigation Intervals 
(days) 
Radial diameter Tangential diameter Average diameter Average lumen 
diameter 
3  (I1) 0.0137981       a 0.012979           a 0.0425           a 
 
0.013388        a 
6  (I2) 0.0131531       a 0.013497           a 0.0465           a 
 
0.013325        a 
12 (I3) 0.0144947       a 0.03102             a 0.01048         a 
 
0.014372        a 
1In same column, means with the same letter are not significantly different at P = 0.05.  
 
 
Table 12.  Means of vessels length (mm) and misomorphic ratio of Acacia senegal seedlings in three irrigation 
intervals 1 
Irrigation Intervals 
(days) 
Vessels length Misomorphic Ratio 
3  (I1) 0. 82         a 46.61         a 
6  (I2) 0. 85         a 43.93         a 
12 (I3) 0.79          a 45.06         a 
1In same column, means with the same letter are not significantly different at P = 0.05.  
Number of vessels / mm 2  
 
Results of the analysis of variance for the number of vessels / mm2 in 
different types of vessel arrangement are given in Appendix Table 14.  
Significant differences were found between irrigation intervals in the number 
of radial multiple vessels / mm2 (P=0.001).  No significant differences were 
found between irrigation intervals for the other studied vessel number 
variables (total number of solitary vessels/ mm2,   number of vessel clusters / 
mm
2
,
 average number of vessels in one cluster / mm2, total number of vessels 
in all cluster / mm2, number of radial multiples / mm2, average number of 
vessels in one radial multiple / mm2 and total number of vessels in all radial 
multiple vessels / mm2). 
The means and results of the Duncan's Multiple Range Test of the irrigation 
intervals for number of vessels / mm2 in different types of vessels 
arrangement are given in Table 13.  In the following section I1, I2 and I3 used 
to refer irrigation intervals after 3, 6 and 12 days, respectively.  Irrigation I1 
had significantly greater number of vessel radial multiples / mm2 than I2 and 
I3, which were not significantly different from each other.   It seemed that the 
irrigation of seedlings had masked some of the main effects of isohyets and 
vice versa. 
 
Tissues volume fraction 
Results of the analysis of variance for the volume fraction in different types 
of tissues are given in Appendix Table 15.  The effect of irrigation was 
significant on volume fraction of solitary vessels (P=0.02) and fiber 
(P=0.007).  There were no significant differences between irrigations in 
volume fraction of vessels, cluster vessels, radial multiple vessels, and 
parenchyma. 
The means and results of the Duncan's Multiple Range Test for the 
difference between irrigation in volume fraction in different types of tissues 
are given in Table 14.  There were significant differences in solitary vessels 
volume fraction between irrigation I1 and I3 and between irrigation I2 and I3. 
However, there was no significant difference between irrigation I1 and I2.  
Similar results were found for fiber volume fraction also; irrigation I1 had 
significantly lower volume fraction of solitary vessels and fibers than 
irrigations I2 and I3. 
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Table 13.  Means of number of vessels / mm2 of the various types of vessel arrangement of Acacia senegal seedlings in 
three irrigation intervals 1     
Irrigation 
Intervals 
(days) 
Total number 
of solitary 
vessels / mm2 
Number of 
clusters /mm2 
Number of 
multiples / 
mm
2
 
Average 
number of 
vessels in 
one cluster 
Average 
number of 
vessels in 
one multiple 
Total number 
of vessels in 
all clusters / 
mm
2
 
Total number 
of vessels in 
all multiples / 
mm
2
 
3  (I1) 12.16       a 
 
3.41     a 1.01     a 1.64      a 0.58       a 8.43       a 1.15       a 
6  (I2) 12.66       a 
 
3.77     a 0.75     b 1.87      a 0.52       a 10.98     a 1.02       a 
12 (I3) 12.22       a 
 
3.52     a 0.71     b 1.74      a 0.45       a 8.56       a 2.17       a 
1In same column, means with the same letter are not significantly different at P = 0.05. 
 
Table 14.  Means of volume fraction (%) of different types of tissues of Acacia senegal seedlings in three irrigation 
intervals 1     
Irrigation 
Intervals 
(days) 
Volume 
fraction of 
solitary 
vessel 
Volume 
fraction of 
cluster vessel 
Volume 
fraction of 
multiples 
vessel 
Volume 
fraction of 
vessels 
Volume 
fraction of 
Fiber 
Volume 
fraction of 
Parenchyma 
Volume 
fraction of 
Ray 
3  (I1) 4.13         b 2.13         a 4.06      a 10.19       a 34.31      b 24.81       a 30.51       a 
6  (I2) 5.18         a 1.98         a 4.02      a 10.19       a 
 
39.38      a 19.42       a 30.04       a 
12 (I3) 5.19         a 1.26         a 3.73      a 10.34       a 38.50      a 20.03       a 31.31       a 
1In same column, means with the same letter are not significantly different at P = 0.05.  
Vessels double cell wall thickness 
Results of the analysis of variance for the double cell wall thickness in 
different types of vessels arrangement are given in Appendix Table 16.  
There were no significant differences between irrigation intervals in double 
cell wall thickness of solitary, cluster, and radial multiple vessels.   The 
means and results of Duncan's Multiple Range Test are given in Table 15. 
 
Vessels shape factor 
 
Results of the analysis of variance for the shape factor in different types of 
vessels arrangement are given in Appendix Table 17.  There were no 
significant differences between irrigation intervals in solitary vessels, cluster 
vessels or radial multiple vessels.  The means and results of Duncan's 
Multiple Range Test are given in Table 16.  
 
…….                               
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Table 15.  Means of vessel double cell wall thickness (mm) for the various types of vessel arrangement of Acacia 
senegal seedlings in three irrigation intervals 1     
Irrigation 
Intervals 
(days) 
Solitary vessel Double 
Cell Wall Thickness 
Cluster vessel Double 
Cell Wall Thickness 
Multiples vessel Double 
Cell Wall Thickness 
3  (I1) 0.002         a 
 
0.005      a 0.007           a 
6  (I2) 0.001         a 
 
0.005      a 0.007           a 
12 (I3) 0.001         a 0.006      a 0.007           a 
1In the same column, means with the same letter are not significantly different at P = 0.05.  
 
Table 16.  Means of vessel shape factor for the various types of vessel arrangement of Acacia senegal seedlings in 
three irrigation intervals 1     
 
Irrigation 
Intervals 
(days) 
Solitary vessel Shape 
Factor 
Cluster vessel Shape 
Factor 
Multiples vessel Shape 
Factor 
3  (I1) 1.12          a 1.09        a 1.13           a 
6  (I2) 1.15          a 1.14        a 1.11           a 
12 (I3) 1.05          a 1.11        a 1.19           a 
 
1In the same column, means with the same letter are not significantly different at P = 0.05. 
Chapter IIV 
Conclusions and Recommendation 
 
Conclusions 
The conclusions from this study can be summarized as follows: 
 
1- Isohyets had significant effect on the following:  
(a) Tangential diameter and average diameter of solitary vessels.  
(b) Average vessel diameter radial and tangential diameters of cluster 
vessels.  
(c) Tangential diameter and average diameter of radial multiple vessels. 
(d) Mesomorphic ratio of vessels.  
(e) Total number of solitary vessels/mm2.    
(f)  Average numbers of vessels in one radial multiple vessels /mm2. 
(g) Double cell wall thickness of solitary vessels. 
2- Vessel diameter and mesomorphic ratio increased while the number of 
vessels decreased with increasing rainfall of the seed sources.  
3- Irrigation regime had significant effect on the following: 
(a) Radial diameter and average diameter of solitary vessels. 
(b) Number of radial multiple vessels / mm2.  
(c) Volume fraction of solitary vessels. 
4- Average diameter of solitary vessels, average lumen diameter of cluster 
vessels and number of radial multiple vessels/mm2 significantly decreased 
with increasing irrigation intervals.   
5- Variation among families was not significant for any of the studied vessel 
variables. 
 
 
 
Recommendation 
Further research is needed to study the variation in wood anatomical 
features of Acacia senegal from different locations.  The microscopic 
sections should be prepared from mother trees and not seedlings. 
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Appendixes 
Appendix Table 1. Location and rainfall of the geographical source of 
Acacia senegal var. senegal 
Site 
 
Latitude (N) I* Longitude (E) 
I 
Rainfall 
(mm) last 10 
years II 
Isohyets 
(mm) 
III 
Abu Gumai 
(I) 
11º    35″ 34º    25″ 700 800 
Khor Donia 
(I) 
11º    00″ 34º    05″ 678.2 700 
Bout  
(I) 
11º    48″ 33º   33″ 592.2 700 
Abu Jibeha 
(II) 
11º    00″ 31º    00″ 697.2 600 
Mazmoum 
(II) 
12º    10″ 33º    35″ 625.0 600 
Gulhak 
(II) 
11º    00″ 32º    40″ 726.2 600 
Karkoj 
(II) 
13º    00″ 34º    00″ 600 600 
Houri  
(II) 
14º    02″ 35º    06″ 544.8 600 
Hawata  
(III) 
13º    30″ 34º    24″ 589.7 500 
El Rawashda 
(III) 
14º    14″ 35º    42″ 597.4 500 
Abu Dolau 
(III) 
12º    25″ 32º    45″ 489.8 400 
Qala en Nahal 
(III) 
14º    36″ 35º    00″ 672.7 500 
 
*Sources:  I = National Forests Corporation; II  = Mechanized Farms 
Administration (El Gedaref and El Damazine); III = Regional Isohyets 1961-
1990. Sudan Meteorological Authority, Khartoum. 
 
 
 
 
 
 
 
 
  
 
 
Appendix Table 2.  Analysis of variance for diameter characteristics of 
solitary vessels  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable sources ZI 
DF 2 
means 0.0002 
F. value 1.2 
Radial diameter 
probability 0.3032 
DF 2 
means 0.0013 
F. value 7.17 
Tangential diameter 
probability 0.0008 
DF 2 
means 0.0006 
F. value 4.9 
Average diameter 
probability 0.0077 
DF 2 
means 0.00106 
F. value 1.73 
Lumen diameter 
probability 0.1786 
 Appendix Table 3.  Analysis of variance for diameter characteristics of 
cluster vessels  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
variable sources ZI 
DF 2 
means 0.0273 
F. value 3.89 
Radial diameter 
probability 0.0209 
DF 2 
means 0.0294 
F. value 3.68 
Tangential diameter 
probability 0.0257 
DF 2 
means 0.0281 
F. value 4.41 
Average diameter 
probability 0.0125 
DF 2 
means 0.001776 
F. value 0.78 
Lumen diameter 
probability 0.4578 
Appendix Table 4.  Analysis of variance for diameter characteristics of 
multiple vessels  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable Sources ZI 
DF 2 
means 0.0117 
F. value 1.04 
Radial diameter 
Probability 0.3557 
DF 2 
means 0.0563 
F. value 5.05 
Tangential diameter 
Probability 0.0069 
DF 2 
means 0.0295 
F. value 3.42 
Average diameter 
Probability 0.034 
DF 2 
means 0.0025 
F. value 0.4 
Lumen diameter 
Probability 0.6727 
Appendix Table 5.  Analysis of variance for vessels length and misomorphic 
ratio  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable sources ZI 
DF 2 
means 0.0586 
F. value 1.67 
Vessel length 
probability 0.1898 
DF 2 
means 
F. value 5.02 
Misomorphic ratio 
probability 0.0068 
Appendix Table 6.  Analysis of variance for number of vessels per mm2 in 
different types of vessel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable sources ZI 
DF 2 
means 461.9485 
F. value 12.97 
Total number of 
solitary vessels per 
mm
2
 probability 0.0001 
DF 2 
means 5.4809 
F. value 0.88 
Number of  vessel 
clusters per mm2 
probability 0.4135 
DF 2 
means 1.379 
F. value 0.71 
Number of vessel 
multiples per mm2 
probability 0.4913 
DF 2 
means 0.4544 
F. value 0.2 
Average number of 
vessels in one 
clusters  probability 0.8167 
DF 2 
means 4.1615 
F. value 5.54 
Average number of 
vessels in one 
multiples  probability 0.0041 
DF 2 
means 355.0399 
F. value 1.67 
Total number of 
vessels in all 
clusters per mm2 probability 0.1894 
DF 2 
means 83.1822 
F. value 2.5 
Total number of 
vessels in all 
multiples per mm2 probability 0.0828 
  
Appendix Table 7.  Analysis of variance for volume fractions of different 
types of tissues 
 
 
 
variable sources ZI 
DF 2 
means 9.4972 
F. value 1.74 
Volume fraction 
of solitary 
vessels  probability 0.1769 
DF 2 
means 4.3837 
F. value 1.08 
Volume fraction 
of cluster 
vessels  probability 0.3417 
DF 2 
means 7.5302 
F. value 0.19 
Volume fraction 
of Fiber 
probability 0.8244 
DF 2 
means 21.7806 
F. value 0.39 
Volume fraction 
of Ray 
probability 0.6796 
DF 2 
means 3.0864 
F. value 0.62 
Volume fraction 
of multiple 
vessels  probability 0.539 
DF 2 
means 7.6363 
F. value 0.71 
Volume fraction 
of  all vessels 
probability 0.4899 
DF 2 
means 52.0555 
F. value 1.21 
Volume fraction 
of Parenchyma 
probability 0.2987 
 
 
 
 
 
 
 
 
  
Appendix Table 8.  Analysis of variance for vessels double cell wall 
thickness in different types of vessel arrangement   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable sources ZI 
DF 2 
means 0.0008 
F. value 2.7 
Double cell wall 
thickness of solitary 
vessel probability 0.00677 
DF 2 
means 0.0123 
F. value 2.41 
Double cell wall 
thickness of cluster 
vessel  probability 0.0908 
DF 2 
means 0.0004 
F. value 2.43 
Double cell wall 
thickness of 
multiples vessel  probability 0.0897 
  
Appendix Table 9.  Analysis of variance for vessels shape factor in different 
types of vessel arrangement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable sources ZI 
DF 2 
Means 0.7209 
F. value 1.49 
Shape factor of solitary 
vessel  
probability 0.2267 
DF 2 
Means 0.0539 
F. value 0.14 
Shape factor of cluster 
vessel  
probability 0.8678 
DF 2 
Means 0.5468 
F. value 1 
Shape factor of 
multiples vessel  
probability 0.3674 
  
Appendix Table 10.  Analysis of variance for diameter characteristics of 
solitary vessels  
  
 
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 166 
means 0.00002 0.0006 0.00003 0.0002 0.0002 
F. value 0.7 16.17 0.19 1.13 0.88 
Radial 
diameter 
probability 0.5484 0.0121 0.9445 0.2224 0.8319 
DF 2 2 4 83 166 
means 0.0002 0.0005 0.0002 0.0002 0.0002 
F. value 1.28 3.01 0.98 0.84 1 
Tangential 
diameter 
probability 0.3727 0.1596 0.4206 0.8398 0.4936 
DF 2 2 4 83 166 
means 0.00009 0.0005 0.00006 0.0001 0.0001 
F. value 1.74 9.28 0.47 0.92 0.92 
 Average 
diameter 
probability 0.2856 0.0315 0.7552 0.6672 0.7421 
DF 2 2 4 83 165 
means 0.0006 0.0035 0.0028 0.0006 0.0006 
F. value 0.21 1.29 4.61 0.99 0.96 
Lumen 
diameter 
probability 0.8159 0.3704 0.0012 0.4976 0.6126 
 Appendix Table 11. Analysis of variance for diameter characteristics of 
cluster vessels 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 165 
means 0.0202 0.0013 0.0136 0.0073 0.0071 
F. value 1.48 0.1 1.95 1.04 1.01 
Radial 
diameter 
probability 0.3297 0.9002 0.1015 0.3848 0.4569 
DF 2 2 4 83 165 
means 0.0047 0.0067 0.0097 0.01 0.0076 
F. value 0.48 0.69 1.21 1.24 0.94 
Tangential 
diameter 
probability 0.6489 0.5528 0.3074 0.0907 0.668 
DF 2 2 4 83 165 
means 0.0105 0.0035 0.0107 0.0075 0.0061 
F. value 0.98 0.33 1.67 1.17 0.95 
 Average 
diameter 
probability 0.4511 0.7398 0.1552 0.1709 0.645 
DF 2 2 4 83 165 
means 0.0017 0.0174 0.0029 0.0025 0.0021 
F. value 0.56 5.87 1.34 1.12 0.96 
Lumen 
diameter 
probability 0.6105 0.0445 0.256 0.2313 0.6231 
  
Appendix Table 12.  Analysis of variance for diameter characteristics of 
multiple vessels   
 
 
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 118 
means 0.0144 0.0007 0.0013 0.0101 0.0113 
F. value 10.72 0.56 0.11 0.82 0.91 
Radial 
diameter 
probability 0.0247 0.6126 0.979 0.829 0.6825 
DF 2 2 4 83 118 
means 0.0033 0.0122 0.0209 0.0112 0.0113 
F. value 0.16 0.59 2.01 1.08 1.09 
Tangential 
diameter 
probability 0.8593 0.5983 0.0979 0.3475 0.3219 
DF 2 2 4 83 118 
means 0.0078 0.0048 0.0071 0.0085 0.0085 
F. value 1.1 0.67 0.8 0.95 0.95 
 Average 
diameter 
probability 0.4167 0.5627 0.5266 0.5935 0.605 
DF 2 2 4 83 117 
means 0.0034 0.0049 0.0091 0.0079 0.0057 
F. value 0.37 0.55 1.52 1.34 1.95 
Lumen 
diameter 
probability 0.7113 0.6147 0.2018 0.0787 0.6029 
  
Appendix Table 13.  Analysis of variance for number of vessels per mm2 in 
different types of vessel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 166 
means 0.0997 0.07546 0.0259 0.0312 0.0293 
F. value 3.84 2.9 0.69 0.83 0.78 Vessels 
length probability 0.1174 0.1663 0.5978 0.8496 0.9706 
DF 2 2 4 83 166 
means 1633.203 221.41 2025.602 1224.621 1789.48 
F. value 0.81 0.11 1.23 0.74 1.08 Misomorphic 
ratio probability 0.5079 0.899 0.2983 0.9528 0.2549 
 Table 14 The results of analysis of variance among families and interaction 
of families * irrigation in number of vessels / mm2 of the various types of 
vessel arrangement.  
 
 
variable sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 166 
means 7.2054 28.5935 57.3905 39.4967 37.0616 
F. value 0.13 0.5 1.58 1.09 1.02 
Total 
number 
of 
vessels 
Solitary 
probabilit
y 0.8854 0.6406 0.1784 0.2946 0.4294 
DF 2 2 4 83 166 
means 5.6199 7.6733 10.2099 6.5762 5.3935 
F. value 0.55 0.75 1.6 1.03 0.85 
Number 
of Cluster 
probabilit
y 0.6149 0.5283 0.1721 0.4079 0.895 
DF 2 2 4 83 166 
means 0.3529 7.1259 0.14423 1.4563 2.1492 
F. value 2.45 49.41 0.08 0.76 1.13 Number 
of 
Multiples 
probabilit
y 0.2022 0.0015 0.9896 0.9333 0.1663 
DF 2 2 4 83 166 
means 1.1732 2.8493 2.1749 2.6945 2.0284 
F. value 0.54 1.31 0.97 1.2 0.91 
Average 
number 
of 
vessels in 
Cluster  
probabilit
y 0.6203 0.3651 0.4228 0.1233 0.7713 
DF 2 2 4 83 166 
means 0.0222 1.598 0.3115 0.4905 0.8295 
F. value 0.07 5.13 0.4 0.63 1.07 
Average 
of 
vessels in 
Multiples 
probabilit
y 0.9323 787 0.8074 0.9943 0.2916 
DF 2 2 4 83 166 
means 
112.44
93 392.432 
217.194
4 
202.266
2 190.432 
F. value 0.52 1.81 0.98 0.91 0.86 
Total 
number 
of 
vessels 
Cluster 
probabilit
y 0.631 0.2757 0.4174 0.6876 0.8726 
DF 2 2 4 83 166 
means 
13.659
8 33.4948 29.4007 21.6919 30.9119 
F. value 0.46 1.14 0.86 0.64 0.91 
Total 
number 
of 
vessels 
Multiples 
probabilit
y 0.6586 0.4059 0.4851 0.9935 0.7635 
 
 
 
Appendix Table 15.  Analysis of variance for volume fractions of different 
types of tissues 
 
 
variable Sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 166 
means 12.868 81.8409 8.2144 4.7814 5.8158 
F. value 1.57 9.96 1.64 0.95 1.16 
Volume 
fraction of  
solitary 
vessels  
probability 0.3145 0.0279 0.1629 0.592 0.1152 
DF 2 2 4 83 166 
means 11.5513 92.4954 11.8759 3.4534 3.4446 
F. value 0.49 3.89 2.89 0.84 0.84 
Volume 
fraction of  
cluster 
vessels  
probability 0.6471 0.1151 0.02 0.8331 0.9085 
DF 2 2 4 83 166 
means 47.2424 1764.635 84.6215 31.0988 31.45 
F. value 0.56 20.85 2.44 0.9 0.91 
Volume 
fraction of 
Fiber 
probability 0.6112 0.0077 0.0459 0.7214 0.7647 
DF 2 2 4 83 166 
means 870.2169 86.7835 790.9696 44.0232 49.3798 
F. value 1.1 0.11 15.53 0.86 0.97 
Volume 
fraction of 
Ray 
probability 0.4162 0.8987 0.0001 0.7912 0.5881 
DF 2 2 4 83 166 
means 58.4633 8.1756 7.5346 5.1076 3.7766 
F. value 7.76 1.09 1.5 1.02 0.75 
Volume 
fraction of 
multiple 
vessels 
probability 0.042 4203 0.2009 0.4441 0.9841 
DF 2 2 4 83 166 
means 114.9572 63.4649 10.3947 11.0547 10.6068 
F. value 11.06 6.11 1.06 1.13 1.08 
Volume 
fraction of 
all vessels  
probability 0.0235 0.0609 0.3768 0.2275 0.2673 
DF 2 2 4 83 166 
means 344.4071 2055.824 1291.211 30.0429 31.0642 
F. value 0.27 1.59 43.46 1.01 1.05 
Volume 
fraction of 
Parenchyma 
probability 0.7785 0.31 0.0001 0.4583 0.3564 
Appendix Table 16. Analysis of variance for vessels double cell wall 
thickness in different types of vessel arrangement   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variable 
Source
s R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 166 
means 0.0000
3 
0.0004 0.0002 0.0003 0.0003 
F. 
value 
0.15 2.22 0.64 0.98 0.89 
Double 
cell wall 
thicknes
s of 
solitary 
vessel  probabi
lity 
0.8622 0.2243 0.6315 0.5364 0.8102 
DF 2 2 4 83 165 
means 0.0079 0.0125 0.0081 0.0049 0.0051 
F. 
value 
0.98 1.55 1.57 0.97 0.99 
Double 
cell wall 
thicknes
s of 
cluster 
vessel  probabilit
y 
0.4504 0.3165 0.1823 0.5653 0.5129 
DF 2 2 4 83 117 
means 0.0038 0.0009 0.0077 0.0062 0.0048 
F. 
value 
0.49 0.12 1.39 1.12 0.85 
Double 
cell wall 
thicknes
s of 
multiple
s vessel  probabilit
y 
0.643 0.886 0.2414 0.2959 0.7785 
  
Appendix Table 17.  Analysis of variance for vessels shape factor in 
different types of vessel arrangement 
 
 
 
 
variable sources R I 
Error a 
(I*R) FM FM*I 
DF 2 2 4 83 166 
means 0.3423 0.5699 0.6288 0.4292 0.4124 
F. value 0.54 0.91 1.21 0.83 0.8 
Shape 
factor of 
solitary 
vessel          
probability 0.6179 0.4735 0.3041 0.8529 0.9576 
DF 2 2 4 83 165 
means 1.0874 0.1333 0.2011 0.2999 0.4228 
F. value 5.41 0.66 0.54 0.8 1.13 
Shape 
factor of 
cluster 
vessel  
probability 0.0729 0.5642 0.7075 0.8871 0.1666 
DF 2 2 4 83 106 
means 0.5359 0.0247 0.63 0.5666 0.5179 
F. value 0.85 0.04 1.11 1 0.91 
Shape 
factor of 
multiple 
vessel  
probability 0.4922 0.962 0.3564 0.501 0.6757 
